Prior to the start of any Wind Power Park construction project, it is necessary to carefully assess available wind potential in the selected area. The cost of such investigative studies is considerable -even with a relatively small 70 m tall mast it reaches several tens of thousands of Euros. In order to reduce costs related to wind speed measurements it is suggested to use the existing cellular communication masts that are widely spread in Europe. The study presents a methodological approach and the results of wind speed and wind shear measurements performed with the use of lattice cellular communication masts at the height of up to 100 m. A CFD model of airflow around a cellular communication mast structure was created in order to explore the impact of mast structure on the quality of wind speed measurements. The paper presents the results of the CFD modelling in the form of contour maps depicting the severity of airflow disturbances around the mast. The study is based on experimental measurements conducted in 2018 in three coastal sites of Latvia. At each site wind speed and direction were measured at several heights along with air temperature, humidity and air pressure. The experimentally obtained data in combination with the analysis of modelled CFD results shows the possibility of using cellular communication masts for accurate measurements of wind speed. Overall, the study shows that the proposed approach to wind speed measurements can result in high quality data and reduced overall expenses.
INTRODUCTION
The starting point of any decision regarding the construction of a wind power generator is the evaluation of wind energy potential at the selected construction site. Wind measurement complexes are the main tools that are used in order to evaluate the potential performance of a future Wind Power Park (WPP). A typical measurement toolkit is composed of a cup sensor and a recording unit, which are installed on a mast at the potential WPP construction site. In order to exclude the impact of the surface on measurements, the height of the mast used for the assessment of wind energy potential should exceed 30 m [1] .
In order to save time and financial resources involved in the deployment of new wind speed measurement complexes it is possible to use the existing network of cellular communication masts. This would allow minimizing the installation and assembly costs of the measurement equipment. At the same time, measurement results should be in compliance with the requirements set by the international standard IEC 61400-12-1 [2] . The standard has been designed to provide uniform methodology to ensure consistency, accuracy and reproducibility of measurements and analysis of wind turbine power performance.
Therefore, it is important to ensure that mast structure does not introduce distortions in the airflow that would cause >1% error in the measurements of wind speed. In practice, the task of wind shear analysis can be made cheaper and much simpler if cellular communication masts are used for installing measuring sensors [3] . In this case, it is of interest to investigate the influence of the design elements of these masts on the distribution of air flow and to evaluate the possibility of their use for obtaining reliable wind speed data [4, 5] .
The IEC standard provides recommendations for calculating the distance from the mast centre at which measurement sensors should be placed [2] . However, study results reported in [6, 7] suggest that the boom length calculated in compliance with recommendations of the standard is overestimated. This causes problems with the reliability of the boom mount rigidity during the installation of sensors on the mast [8, 9] . This study investigates how wind flow distribution around a communication mast depends on its sizes and design, taking into account communication cables placed inside the mast structure. The extent of the influence exerted by the structural elements of cellular communication masts on the turbulent air flow is analysed using Computational Fluid Dynamics (CFD) modelling of wind flow distribution [10] .
The estimation of the degree of influence of the cellular communication mast structure on the results of wind speed measurement was carried out by experimental studies using three lattice masts on which measurement sensors were placed. On each mast 9 measurement sensors at four different height levels were installed. Two anemometers were installed at each of the three levels and at one level three sensors were installed displaced by 120° from each other. The temperature and direction of the wind were measured at two different levels.
The rest of the paper is structured as follows: Section 2 introduces CFD modelling results of wind flow interaction with a triangular lattice communication mast. Section 3 provides the methodology of the experimental studies of wind speed measurements around a cellular communication mast. Section 4 provides the assessment of the effect of the mast's design on the results of wind speed measurements at the altitude of 10, 40, 64 and 84 m, while Section 5 concludes.
THE MODELLING OF WIND FLOW INTERACTION WITH A TRIANGULAR LATTICE MAST
In order to estimate the extent to which the structure of a lattice cellular communication mast affects the speed distribution of wind flow around it, we first consider the interaction of wind flow with a meteorological mast with the side width of 0.74 m [11] . Figure 1 shows a contour map of wind flow speed distribution around a lattice meteorological mast for wind speed U = 10.0 m/s and the angle of wind direction α = 0° relative to the position of a boom with sensor S on the triangular lattice mast.
The position of sensor S is fixed on the mast by a boom at a distance of 3.2 m relative to the triangular mast centre, to which one-metre-step concentric octagons are attached.
In turn, Fig. 2 demonstrates the speed distribution of a wind flow around a lattice cellular communication mast with side width 0.74 m for wind speeds U = 5.0 and 10.0 m/s and the angles of wind direction α = 0° and 180°.
The colours on the contour map are associated with wind speed deviations in the modelled wind flow, wherein light yellow area corresponds to 100.0 ± 1.0% of the undisturbed wind flow speed values, green area to 101.0-101.5%, red area to more than 101.5%, violet area to 98.5-99.0%, and brown area to less than 98.5%. The contour maps show wind flow speed that would satisfy the IEC standard requirements in light yellow, green and violet areas, while in the red and brown regions deviations would exceed the allowed error margin.
The use of CFD models shows that the presence of cable lines inside a triangular lattice cellular communication mast slows down wind flow speed by more than 1.5% and causes the appearance of a narrow tail with the length of 7.0-9.0 m and angular dimensions of less than 10°. Within the boundaries of the remaining 350° sector, the length of the region with wind speed distortions beyond 1.5% does not exceed 1.5-2.0 m from the mast centre.
Performed calculations make it possible to refine the results of prior studies indicating that the requirements of the IEC standard regarding the length of the boom are overestimated.
At the same time, the simulation results allow us to conclude that the standard does not guarantee the measurement accuracy of wind speed of 1.0% in the shadow area of the mast (α = 180°).
As can be seen from the contour maps in Fig. 2 , the sizes of areas where wind speed measurement error would exceed 1.0% varies with increasing speed U of modelled wind flow. In order to analyse this phenomenon, CFD modelling was performed for a wind flow field around a triangular lattice cellular communication mast with side widths L = 1.0 m and 1.2 m, for wind Overall, an important conclusion can be made that the requirements of the IEC standard on wind measurements can be satisfied only if two sensors arranged in anti-phase are used simultaneously. Moreover, at the data processing stage it is necessary to consider only those measurements that do not come from a sensor located in the shadow of the mast. Such method of wind speed measurements would allow considerably lowering the requirement with respect to the minimum boom length. The relaxation of the requirements would result in much easier sensor installation process of sensors on measurement masts.
It is noteworthy that the use of paired sensors for wind measurements creates an opportunity to make use of the existing network of triangular lattice cellular communication masts. That considerably reduces the costs of data collection necessary for performing the assessment of wind energy resource potential.
THE INSTALLATION OF MEASURING SENSORS ON CELLULAR COMMUNICATION MASTS
The preparation of the experiment involved signing a lease agreement with a local mobile operator for the use of three masts located on the shore of the Baltic Sea in the area of Ventspils, Pavilosta and Ainazi, as shown in Fig. 4 . For the experimental studies, triangular lattice masts of guyed type were chosen, which have a height of about 100 m with side dimensions of 1.2 and 1.4 m, and One of the masts that was used in the experiment and located in Ventspils region is shown in Fig. 5 . The sensors were installed at four levels in places free of antennas and equipment on 2.8 m long booms at an angle of 90° with respect to the sides of the mast. In this case, two cup anemometers of WindSensor P2546A-OPR type were installed at 10, 64 and 84 m levels, while at the height of 40 m three such sensors were installed.
Wind direction sensors were installed at a height of 40 and 84 m, while thermometers were placed at a height of 10 and 84 m. The location of two anemometers and a sensor of wind direction at 84 m is shown in Fig. 6 . The position of three anemometers and a sensor of the wind direction at the level of 40 m is shown in Fig. 7 .
The placement of an anemometer of WindSensor P2546A-OPR type at the end of the boom and the installation of the LOGGER NRG Symphonie PLUS3 in the lower part of the mast where the hygrometer and a photovoltaic panel are located can be seen in Figs. 8 and 9. The transfer of data from the registering unit is performed using a GSM module build in the Symphonie iPACK unit. The setup works of measuring systems were carried out in the period from 21.12.2017 to 19.01.2018. In this case, despite a short period of light time, installation work took less than two days per mast. Thus, the use of stationary cellular communication masts makes it possible to significantly reduce the time and material resources required to study the potential of wind energy at a height of up to 100 meters above the ground level.
THE ANALYSIS OF WIND SPEED MEASUREMENT RESULTS
The transfer of data from the measuring complexes is performed once a day via GSM mobile communication channels. Overall, the process of obtaining daily data for all 10-min measurements of wind parameters does not pose a problem. The received information is stored in a database, which allows to quickly monitor the operation of the complexes at a distance and analyse the information received.
At the same time, it should be noted that the database contains wind speed values recorded from anemometers also at a time when they were in the shadow of the mast. Consequently, these values will distort the resulting value of the wind speed, calculated as an average value over the entire measurement period.
From the above pictures of modelling the airflow around a mast, it can be seen that when measuring wind speed using two or three sensors offset by 120° from each other, at each moment only one sensor can be in the shadow of the mast. Therefore, if the calculations of average wind speed from the database exclude measurements made by the sensor located in the shadow of the mast, then it should be possible to increase the reliability of the result of calculations.
According to the analysis of the results of 10-min measurements for two sensors located at the same height, it can be assumed that the ratio of their values should characterize the deviation of the airflow velocity in the corresponding sector around the mast. Therefore, the results of wind speed measurements of all sensors were grouped by time of measurement and in the direction from 0° to 360° with the steps of 1°. The results of simultaneous wind speed measurements by two anemometers installed at the same height with 120° displacement makes it possible to estimate the degree of wind flow distortion caused by the mast structure. For quantitative evaluation of wind flow distortion degree, the following equation can be used:
where V A and V B are 10-min wind speed measurements for sensors S A and S B , at the same height. The analysis of wind flow distortion derived from anemometers S A , S B and S C mounted on masts at a height of 40 m are presented in Fig. 11 for Pavilosta and Fig. 12 for Ventspils.
The ratios calculated using Eq. 1 for sensors S A and S B (red diamonds) and sensors S A and S C (green circles) in relationship to the angle of wind direction, averaged in steps of one degree are shown in Fig. 11 . The figure shows distinctive peaks corresponding to the wind direction angles 105° and 225° with respect to angle 0° of the sensor S Dir . It is important to note that the flow velocity in these directions, which corresponds to the mast shadow, measured at all heights from 10 to 84 m shows speed reduction up to 50%. The modelling results given in papers [7, 13] for meteorological masts indicate that the speed drop can reach 30-35%. The difference between the estimates can be explained by the presence of cable lines inside the cellular communication mast.
For other directions, wind speed distortions recorded by the sensors do not exceed ±5%. The simulation results suggest that the maximum value in these areas arises when one sensor is in a zone where the flow velocity increases and the second one is in the zone where the flow is slowing down. Thus, the actual deviation of the wind speed does not exceed 2.5%. In turn, the simulation results predict in these areas a change in the flow rate of about 2%.
As a result of the analysis of obtained wind speed measurement values using a vector diagram depicted in Fig. 10 and curves С w , it can be seen that there are three directions around the mast that create a shadow for the sensors in the process of wind speed measurements. An illustration of the areas and angles of shading for Ventspils site are shown in the vector diagram in Fig. 12 , where the direction angles for the wind flows W A , W B , W C relative to the northward direction N are, respectively, -40°, 80° and -150°.
In Fig. 12 , the boundaries of the shadow region are depicted approximately, while the shape of the curves on Fig. 11 and models in Fig. 3 suggests that the shadow region has a conical shape. At the same time, it can be seen that the shadow Table 1 area has a displacement and is not perpendicular to the side of the mast. The displacement can be attributed to the presence of communication lines and ladders inside the mast and non-symmetric wind sensor position with respect to the mast side. Based on the simulation results and experimental studies presented above, it can be concluded that for each sensor on the mast there is a sector within which the results of wind speed measurements will not meet the requirements of the standard. However, the size of this sector does not exceed 70°. It follows that in order to measure wind speed in accordance with the requirements of the standard, two sensors offset by an angle of at least 120° must be used and the results of measurements should be related to the direction of the wind flow.
In this case, the measured values of wind speed, which are obtained in the area shaded from the wind, must be excluded from calculations. Therefore, in order to estimate wind speed, observations from one sensor are used, which at the time is located outside of the shadow area.
The average wind speed values V avg obtained from measurements and corrected average wind speeds V avg_corr , for anemometers S A , S B , S C at heights of 10, 40, 64 and 84 m for the entire measurement periods on each site are given in Table 1 . Along with this, the table shows mean wind speed values for each height and difference in percent between raw and corrected values.
Based on the measurement results it is possible to conclude that wind speed values recorded from anemometers for one height differ among themselves within several percent. In this case, the real value of the wind speed differs from the measured values by same level.
The comparison of the results of measurements of wind speed shows that, as a result of the correction, the average speed at all heights increased by ~1.9-3.9%. Since distorted values were excluded from the calculations, this means that the reliability of the measurement results has increased by a similar amount.
CONCLUSIONS
The recommendation of the IEC 61400-12-1 standard for the choice of boom length does not guarantee that measurements are taken with the required accuracy of 1% between 0° and 360° degrees around the mast.
The study presents the results of calculating the average value of wind speed V avg , m/s for three coastal sites in Latvia at the heights of 10, 40, 64 and 84 m for the entire measurement period with and without filtering out distorted measurement data on the basis of wind flow direction.
In order to increase the reliability of the results of wind speed measurements, it is sufficient to use two anemometers offset by at least 120° from each other in combination with a wind direction sensor used for determining the direction of the shadow induced by the mast. Further increase in the number of sensors installed on a mast for the purpose of performing wind speed measurements does not improve the reliability of the flow velocity measurement.
The reliability of average wind speed estimation increases after the exclusion of distorted measurements from calculations. As a result of such correction, the speed values at all heights increased by ~1.9-3.9% on average.
The use of stationary cellular communication masts for wind speed measurements provides a valid option for significantly reducing the time and material resources required to study the potential of wind energy at the height of up to 100 meters above ground level. 
